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SUMMARY 
D i a m o n d l i k e  carbon (DLC) f i l m s  were d e p o s i t e d  on i n f r a r e d  t r a n s m i t t i n g  
o p t i c a l  windows and were e v a l u a t e d  as p r o t e c t i v e  c o a t i n g s  f o r  these windows 
exposed t o  p a r t i c l e  and r a i n  e r o s i o n .  The DLC f i l m s  were  d e p o s i t e d  on z i n c  
s e l e n i d e  (ZnSe) and z l n c  s u l f i d e  (ZnS) by t h r e e  d i f f e r e n t  i o n  beam methods: 
( 1 )  s p u t t e r  d e p o s i t i o n  from a carbon t a r g e t  u s i n g  an 8-cm argon i o n  source ,  
( 2 )  d i r e c t  deposi  t l o n  by a 30-cm h o l l o w  cathode i o n  source  w i t h  hydrocarbon 
gas i n  a rgon,  and ( 3 )  dua l  beam d i r e c t  d e p o s i t i o n  by t h e  30-cm h o l l o w  cathode 
i o n  source  and an 8-cm argon i o n  source .  I n  an a t t e m p t  t o  improve t h e  adher-  
ence o f  t h e  DLC f i l m s  on ZnSe and ZnS, i o n  beam c l e a n i n g ,  i o n  i m p l a n t a t i o n  
w i t h  h e l i u m  and neon i o n s ,  or s p u t t e r  d e p o s i t i o n  o f  a t h i n ,  i o n  beam i n t e r -  
med ia te  c o a t i n g  was employed p r i o r  t o  d e p o s i t i o n  o f  t h e  DLC f i l m .  The p ro -  
t e c t i o n  t h a t  t h e  DLC f i l m s  a f f o r d e d  t h e  windows from D a r t i c l e  and r a i n  e r o s i o n  
was eva lua ted ,  a l o n g  w i t h  t h e  hydrogen c o n t e n t ,  adherence, i n t r i n s i c  s t r e s s ,  
and i n f r a r e d  t r a n s m i t t a n c e  o f  t h e  f i l m s .  Because o f  e l e v a t e d  s t r e s s  l e v e l s  
t h e  i o n  beam s p u t t e r e d  DLC f i l m s  and i n  those i o n  beam d e p o s i t e d  w i t h  bu tane 
f i l m s  t h i c k e r  t h a n  0.1 pm and w i t h  good adherence on ZnS and ZnSe c o u l d  n o t  
be genera ted .  An i n t e r m e d i a t e  c o a t i n g  o f  germanium s u c c e s s f u l l y  a l l o w e d  t h e  
DLC f i l m s  t o  remain  a d h e r e n t  to t h e  o p t i c a l  windows and caused o n l y  a n e g l i -  
g i b l e  r e d u c t i o n  i n  the s p e c u l a r  t r a n s m i t t a n c e  o f  t h e  ZnS and ZnSe a t  10 pn.  
These DLC f i l m s  d i d  n o t  p r o t e c t  t h e  o p t i c a l  windows from s i m u l a t e d  p a r t i c l e  
e r o s i o n ;  however, t h e y  d i d  improve t h e  per formance o f  ZnS exposed t o  r a i n  
e ros  i on. 
n 
INTRODUCTION 
I n f r a r e d - t r a n s p a r e n t  m a t e r i a l s ,  such as z i n c  s u l f i d e  (ZnS) and z i n c  s e l e -  
n i d e  (ZnSe), a r e  those most o f t e n  used as o p t i c a l  windows. However ,  t h e s e  
m a t e r i a l s  a r e  soft and undergo s e r i o u s  d e g r a d a t i o n  when s u b j e c t e d  t o  severe  
p a r t i c l e - i m p a c t i n g  e n v i r o n m e n t a l  c o n d i t i o n s  ( r e f .  1 ) .  There fore ,  a t t e m p t s  have 
been made t o  harden these  window s u r f a c e s  t o  p r o t e c t  them from sand or r a i n  
impact .  
Hard t h i n  f i l m s  may be used t o  m a i n t a i n  t h e  o p t i c a l  i n t e g r i t y  o f  i n f r a r e d  
windows. The d e s i r e d  f i l m s  must be a d h e r e n t  and d u r a b l e  such t h a t  t h e y  p r o t e c t  
ZnS and ZnSe windows from p a r t i c l e  and r a i n  e r o s i o n  as w e l l  as chemica l  a t t a c k .  
A low f i l m - s t r e s s  l e v e l  Is a l s o  d e s i r a b l e  so t h a t  a t h i c k  l a y e r  o f  these  ha rd  
f i l m s  can be d e p o s i t e d  for maximum p r o t e c t i o n  o f  t h e  so f t  m a t e r i a l s .  One f i l m  
w i th  t h i s  p o t e n t i a l  I s  &$amondl ike carbon (DLC) ( r e f s .  1 and 2 ) .  DLC f i l m s  a r e  
t r a n s p a r e n t  o v e r  a broad s p e c t r a l  range,  r e s i s t  chemical  a t t a c k ,  and a r e  mois- 
t u r e  and a b r a s i o n  r e s i s t a n t .  
Three d i f f e r e n t  ion beam methods were used t o  d e p o s i t  DLC f i l m s  on f u s e d  
s i l i c a  (SiO2>, s i l i c o n  ( S I ) ,  ZnS, and ZnSe: 
carbon t a r g e t  by  an 8-cm argon Ion source ,  ( 2 )  d i r e c t  d e p o s i t i o n  by a 30-cm 
( 1 )  s p u t t e r  d e p o s i t i o n  from a 
h o l l o w  cathode i o n  source w i t h  hydrocarbon gas i n  a rgon ( A r ) ,  and (3) dua l  beam 
d i r e c t  d e p o s i t i o n  by t h e  30-cm h o l l o w  cathode and an 8-cm argon i o n  source .  
To improve t h e  adherence o f  t h e  DLC f i l m s  on  ZnS and ZnSe, t h e  f o l l o w i n g  t e c h -  
n iques  were employed p r i o r  t o  d e p o s i t i o n  o f  t h e  f i l m :  
( 2 )  i o n  i m p l a n t a t i o n  v i a  "knock on"  o f  t h i n  carbon f i l m s  by 100-keV n i t r o g e n  
i o n s ,  ( 3 )  i o n  i m p l a n t a t i o n  w i t h  100-keV neon and h e l i u m  i o n s ,  and (4 )  t h i n ,  
i o n  beam s p u t t e r - d e p o s i t e d  i n t e r m e d i a t e  c o a t i n g s  o f  germanium (Ge) or  s i l i c o n .  
The DLC f i l m s  were t h e n  e v a l u a t e d  f o r  hydrogen c o n t e n t ,  adherence, i n t r i n s i c  
s t r e s s ,  i n f r a r e d  t r a n s m i t t a n c e ,  and p r o t e c t i o n  from p a r t i c l e  and r a i n  e r o s i o n .  
An e r o s i o n  t e s t  employ ing  a m i c r o s a n d b l a s t e r  w i t h  27-pm-diameter aluminum 
o x i d e  (A12031 p a r t i c l e s  was deve loped t o  d e t e r m i n e  q u a n t i t a t i v e  v a l u e s  o f  t h e  
p r o t e c t i o n  t h a t  t h e  d i a m o n d l i k e  f i l m s  a f f o r d e d  t h e  window s u r f a c e s .  A f t e r  
e r o s i o n  an i n f r a r e d  ( I R )  spec t rophotometer  was used t o  i n d i c a t e  t h e  change i n  
s p e c u l a r  t r a n s m i t t a n c e  between 2 . 5  and 50 pm. The DLC-coated windows were 
a l s o  s u b j e c t e d  t o  water  d r o p l e t s  a t  180 m/sec f o r  exposure t i m e s  up t o  15 min  
i n  a r a i n  e r o s i o n  f a c i l i t y  a t  W r i g h t  P a t t e r s o n  A i r  Force  Base. These samples 
were q u a l i t a t i v e l y  e v a l u a t e d  by o p t i c a l l y  v i e w i n g  t h e  p i t t i n g ,  m i c r o c r a c k s ,  
and subsur face  r i n g  c r a c k s  t h a t  r e s u l t e d  from t h e  e r o s i o n .  The r e s u l t s  o f  
these s t u d i e s  a r e  p r e s e n t e d  i n  t h i s  paper .  
( 1 )  i o n  beam c l e a n i n g ,  
APPARATUS AND PROCEDURE 
D iamond l ike  carbon f i l m s  were i o n  beam s p u t t e r  d e p o s i t e d  from a p y r o l y t i c  
g r a p h i t e  t a r g e t  b y  an 8-cm-diameter source ( r e f .  3 ) .  A 1000-eV argon i o n  beam 
was produced for  s p u t t e r  c l e a n i n g  and d e p o s i t i o n .  
was -1.0 mA/cm2 i n  t h e  v i c i n i t y  of t h e  s p u t t e r  t a r g e t  and s u b s t r a t e s ,  wh ich  
were l o c a t e d  20 cm downstream o f  t h e  i o n  source .  The i o n  source  was o p e r a t e d  
w i t h  a h o t  f i l a m e n t  n e u t r a l i z e r  i n  a vacuum f a c i l i t y  t h a t  m a i n t a i n e d  p r e s s u r e s  
o f  2x10-5 t o r r  d u r i n g  o p e r a t i o n .  I n  c o n j u n c t i o n  w i t h  t h i s  method, hydrogen 
gas was i n t r o d u c e d  i n  t h e  vacuum chamber t o  e v a l u a t e  i t s  e f f e c t  on t h e s e  f i l m s .  
The i n t r o d u c t i o n  o f  hydrogen gas r a i s e d  t h e  background p r e s s u r e  t o  a range of 
7x10-5 t o  10-4 t o r r .  F i l m s  0.1 pm t h i c k  were d e p o s i t e d  on  t h e  v a r i o u s  sub- 
s t r a t e s .  
The i o n  beam c u r r e n t  d e n s i t y  
A 30-cm-diameter i o n  source  w i t h  i t s  o p t i c s  masked t o  10 cm i n  d i a m e t e r  
was used t o  d i r e c t l y  d e p o s i t  t h e  DLC f i l m s  ( r e f .  4 ) .  The i o n  source  used 
argon gas i n  t h e  h o l l o w  cathode l o c a t e d  i n  t h e  main d i s c h a r g e  chamber, as w e l l  
as i n  t h e  n e u t r a l i z e r .  Hydrocarbon gas was i n t r o d u c e d  t h r o u g h  a m a n i f o l d  i n t o  
t h e  d i s c h a r g e  chamber a t  a m o l a r  r a t i o  o f  0 . 2 8  CH4 or 0.10 C4H10 t o  argon.  
T y p i c a l l y ,  c u r r e n t  d e n s i t i e s  were 1 mA/cm2 a t  a d i s t a n c e  o f  2 . 5  cm a x i a l l y  
downstream o f  t h e  g r i d s ,  and argon i o n  e n e r g i e s  ranged from 90 t o  250 e V .  
I t  i s  b e l i e v e d  t h a t  amorphous carbon f i l m s  a r e  produced under  c o n d i t i o n s  
where growth  and s p u t t e r i n g  o c c u r  s i m u l t a n e o u s l y ,  t h e r e f o r e  i n c r e a s e d  s p u t t e r -  
i n g  may decrease t h e  number o f  g r a p h i t e  p r e c u r s o r s  i n c o r p o r a t e d  i n  t h e  f i l m s  
and hence improve t h e  q u a l i t y  ( r e f .  4 ) .  An 8-cm ion source w i t h  a f i l a m e n t  
cathode was used d u r i n g  t h e  dua l  beam d e p o s i t i o n  t o  d i r e c t  a beam o f  200- t o  
600-eV argon i o n s  a t  a c u r r e n t  d e n s i t y  o f  25 pA/cm2 on t h e  s u b s t r a t e s  w h i l e  
t h e  DLC f i l m  was b e i n g  d e p o s i t e d  by t h e  30-cm source .  
The i n t r i n s i c  s t r e s s  o f  t h e  DLC f i l m s  was measured w i t h  a s t r e s s  gauge, and 
an adherence t e s t e r  was used t o  d e t e r m i n e  t h e  adherence o f  t h e  DLC f i l m s .  The 
t r a n s m i t t a n c e  o f  t h e  DLC f i l m s  i n  t h e  v i s i b l e  r e g i o n  was o b t a i n e d  w i t h  an i n t e -  
g r a t i n g  sphere,  and t h e  IR t r a n s m i t t a n c e  was measured w i t h  a s p e c t r o p h o t o m e t e r .  
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An erosion test was developed that used a sandblaster to give quantitative 
values to the protection that the DLC films afforded fused silica (ref. 5 ) .  
The fused silica surfaces were exposed to 100-pm-diameter Si02 particles at 
2 7  m/sec, and then the protective quality of the film was characterized by the 
resulting change in specular transmittance by a neon-helium ellipsometer. The 
protection that the DLC films afforded the ZnS and ZnSe surfaces was quantita- 
tively determined from another simulated particle erosion test (ref. 6). 
wlndow surfaces were eroded by exposing them to 27-pm-diameter A1203 particles 
with an estimated stream velocity of 335 m/sec in a microsandblaster. 
protective quality of the film was then characterized by the change in specular 
transmittance due to the particle erosion with an IR spectrophotometer between 
wavelengths of 2 . 5  and 50 pm. 
The 
The 
‘ A  facility at the Wright Patterson Air Force Base was employed to evaluate 
the rain erosion performance of the DLC films. The rain erosion facility con- 
sisted of a variable-speed rotating arm apparatus with speeds to 210 m/sec and 
a simulated rainfall of 7x10-4 cm/sec. The rotating arm apparatus employed 
a horizontally mounted, 8-ft double-arm propeller blade powered by a 400-hp 
motor. 
trolled water droplets were sprayed on the test specimens, which were mounted 
in the blade tips. 
A pipe ring containing hypodermic needles was positioned such that con- 
RESULTS AND DISCUSSION 
Hydrogen Content 
Nuclear reaction and combustion analysis for hydrogen was performed on the 
The atomic ratio 
DLC films (ref. 7 ) .  This technique showed that DLC films made by the various 
deposition methods have very similar hydrogen depth profiles. 
of hydrogen to carbon ( H K )  was low at the film surface and rose to a constant 
value at a depth of 50 nm. Table I shows the hydrogen-to-carbon ratios meas- 
ured one-half of the distance through the DLC films for the three different 
deposition methods. There i s  a variation in hydrogen content which depends on 
the method used to deposit the DLC film. DLC films made by single ion-beam 
deposition with CH4 had an H/C ratio of 0.91. Adding the energy of the second 
ion source (dual beam) reduced this ratio to 0.62. Thus, the second source 
removed some of the hydrogen. DLC films generated by the single source, but 
with C4H10, also had an H/C ratio of 0.62. The films generated by ion beam 
sputter deposition from a graphite target contained the least amount of hydro- 
gen, an H / C  ratio of 0.22. The addition of up to 35 percent hydrogen gas into 
the vacuum facility during sputter deposition doubled the hydrogen content 
of these films. 
Semiquantitative Infrared spectroscopy was also performed on these ion 
beam deposited films. The Integrated intensity of the C-H stretching band at 
about 3 . 4  pm indicated that the ratio of chemically bonded hydrogen to carbon 
was between 0.03 and 0.44 (ref. 7 ) .  The difference between the two hydrogen 
analysi s techniques indicates the presence of nonbonded hydrogen in the f i lms. 
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I n t r i n s i c  S t r e s s  
The DLC f i l m s  d e p o s i t e d  on S i  e x h i b i t e d  a compress ive s t r e s s  t h a t  v a r i e d  
depending on t h e  d e p o s i t i o n  method, hydrocarbon gas, and energy o f  d e p o s i t i o n .  
F i g u r e s  1 t o  3 show t h e  s t r e s s  l e v e l s  o f  0.1-pm-th ick DLC f i l m s  made by  t h e  
d i f f e r e n t  i o n  beam d e p o s i t i o n  methods. F i g u r e  1 i s  a p l o t  o f  t h e  compress ive 
s t r e s s  as a f u n c t i o n  o f  t h e  H / A r  gas r a t i o  for CH4 and C4H10 gases d e p o s i t e d  
a t  110 eV by t h e  s i n g l e  ion-beam source .  The s t r e s s  fo r  each t y p e  of f i l m  was 
independent  o f  t h e  H l A r  r a t i o ,  b u t  was 2 . 5  t imes as l a r g e  for t h e  C4H10 f i l m s  
as i t  was f o r  t h e  CH4 f i l m s .  F i g u r e  2 shows t h a t  t h e  s t r e s s  i n  t h e  CH4 s i n g l e  
beam f i l m s  can be reduced to  v a l u e s  as low as 4x109 dynelcm2 b y  d e c r e a s i n g  
t h e  d e p o s i t i o n  energy t o  90 e V .  F i g u r e  3 shows t h e  compress ive s t r e s s  f o r  DLC 
f i l m s  d e p o s i t e d  by  i o n  s p u t t e r i n g  a g r a p h i t e  t a r g e t  ( i n c l u d i n g  those f i l m s  made 
w i t h  t h e  a d d i t i o n  o f  hydrogen) .  The compress ive s t r e s s  was 1 . 6 ~ 1 0 1 0  dynelcm2 
f o r  a pure ,  s p u t t e r - d e p o s i t e d  f i l m  and rose s l i g h t l y  t o  2 . 3 ~ 1 0 ' 0  dynelcm2 f o r  
a f i l m  w i t h  hydrogen a d d i t i o n .  These s t r e s s  l e v e l s  a r e  h i g h e r  t h a n  t h o s e  f o r  
f i l m s  made b y  d i r e c t  i o n  beam d e p o s i t i o n ,  s i n g l e  or d u a l ,  w i t h  CH4. T a b l e  I 
l i s t s  t h e  s t r e s s  l e v e l s  fo r  t h e  v a r i o u s  DLC f i l m s .  The d a t a  i n d i c a t e  t h a t  t h e  
f i l m  s t r e s s  does n o t  depend on  t h e  hydrogen c o n t e n t ,  b u t  on  o t h e r  parameters  
such as d e p o s i t i o n  t e c h n i q u e  and c o n d i t i o n s ,  and hydrocarbon gas. 
Adherence 
The adherence of t h e  DLC f i l m s  on fused s i l i c a  was measured by  f o l l o w i n g  
t h e  procedure  used by  M i r t i c h  ( r e f .  8). F i l m s  up t o  1 pm t h i c k ,  d e p o s i t e d  
b y  e i t h e r  s i n g l e  or d u a l  beam systems w i t h  CH4, were a t  l e a s t  as a d h e r e n t  as 
t h e  maximum measurable adherence o f  t h e  t e s t e r :  namely,  2 . 8 ~ 1 0 6  N / d .  These 
f i l m s  were so adherent  t h a t ,  for some o f  t h e  f i l m s ,  p o r t i o n s  o f  t h e  S i 0 2  gave 
way w i t h  t h e  f i l m  s t i l l  i n t a c t .  f i l m s  made by  t h e  s i n g l e  ion-beam system w i t h  
C4H10 began t o  s p a l l  once t h e  t h i c k n e s s  reached 0.15 pm, and t h e  f i l m s  t h a t  
were s p u t t e r  d e p o s i t e d  from t h e  g r a p h i t e  t a r g e t  began t o  s p a l l  a t  0.2 pm 
t h i c k ,  i n d i c a t i n g  an upper  l i m i t  o f  t h e  a l l o w a b l e  t h i c k n e s s  o f  t h e s e  f i l m s .  
T h i s  was expec ted ,  s i n c e  t h e  s t r e s s  l e v e l s  o f  these two t y p e s  o f  DLC f i l m s  were 
g r e a t e r  t h a n  those made w i t h  CH4 i n  e i t h e r  t h e  s i n g l e  or  dua l  beam. 
I n  an a t t e m p t  t o  improve t h e  adherence o f  DLC f i l m s  t h a t  were i o n  beam 
d e p o s i t e d  on ZnS and ZnSe, f o u r  t e c h n i q u e s  were used p r i o r  t o  f i l m  d e p o s i t i o n  
( r e f .  9 ) .  I o n  beam c l e a n i n g  o f  t h e  window m a t e r i a l s  was t h e  f i rst  t e c h n i q u e  
used, b u t  was n o t  s u f f i c i e n t ,  as i t  was w i t h  t h e  S i 0 2  or S i  s u b s t r a t e s ,  t o  
a l l o w  t h e  DLC f i l m s  t o  remain  a d h e r e n t .  The f i l m s  had n e g l i g i b l e  adherence 
(<1 .4x104 N/m2> and spa1 l e d  a l m o s t  i m m e d i a t e l y  a f t e r  d e p o s i t i o n  on  b o t h  
ZnS and ZnSe. The second t e c h n i q u e  i n v o l v e d  i o n  i m p l a n t a t i o n  v i a  "knock o n "  
o f  t h i n  carbon f i l m s  on t h e  s u r f a c e  of ZnS and ZnSe by  50 t o  100 keV n i t r o g e n  
i o n s .  T h i s  t e c h n i q u e  a l s o  f a i l e d  t o  a l l o w  t h e  DLC f i l m s  t o  remain  a d h e r e n t .  
I n  t h e  t h i r d  t e c h n i q u e ,  t h e  window sur faces were i o n  i m p l a n t e d  w i t h  neon or 
h e l i u m  a t  e n e r g i e s  v a r  i n g  between 50 and 100 keV and a t  doses from 0 . 5 ~ 1 0 ~ ~  
t o  2x1017 p a r t i c l e s l c m j .  These f i l m s  s p a l l e d  a f t e r  a p e r i o d  o f  t i m e .  The 
f o u r t h  t e c h n i q u e ,  which used a t h i n  i n t e r m e d i a t e  c o a t i n g  o f  germanium or s i l i -  
con, s u c c e s s f u l l y  a l l o w e d  t h e  DLC f i l m s  t o  remain  a d h e r e n t .  T h i n  f i l m s  o f  Ge 
or S i ,  0.1 pm t h i c k ,  were i o n  beam s p u t t e r  d e p o s i t e d  o n t o  ZnS and ZnSe p r i o r  
t o  d e p o s i t i o n  o f  DLC. The i n t e r f a c e  of S i  looked good on d e p o s i t ,  b u t  s p a l l e d  
as a f u n c t i o n  o f  t i m e  a n d / o r  t h i c k n e s s .  Germanium f i l m s  as t h i c k  as 0.4 pm 
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e x h i b i t e d  adherence equal  to t h e  s t r e n g t h  o f  t h e  s u b s t r a t e  and showed no s i g n  
o f  d e t e r i o r a t i o n  even a f t e r  6 months.  DLC f i l m s  d e p o s i t e d  on ZnS and ZnSe w i t h  
an i n t e r m e d i a t e  Ge c o a t i n g  of  0,,05 pm showed adherence va lues  o f  106 t o  
1 . 4 ~ 1 0 6  N/m2, a l s o  equal  to  t h e  s t r e n g t h  o f  t h e  s u b s t r a t e .  
s i b l e  to  o b t a i n  t h e  same adherence va lues  o f  DLC-Ge f i l m s  d e p o s i t e d  on ZnS and 
ZnSe s u b s t r a t e s  t h a t  were first Imp lan ted  w i t h  100-keV He i o n s  a t  doses t o  
2x1 017 p a r t  i c l  eslcm2. 
I t  was a l s o  pos- 
A bonus o f  i o n  i m p l a n t a t i o n  was t h e  improved p h y s i c a l  hardness o f  t h e  sub- 
s t r a t e ,  shown i n  f i g u r e  4 for ZnS. The V i c k e r s  hardness as a f u n c t i o n  o f  t h e  
a p p l i e d  l o a d  f o r  u n i m p l a n t e d  ZnS and ZnSe was compared w i t h  t h a t  f o r  ZnS and ZnSe 
t h a t  were  He i o n  imp lan ted  a t  100 keV a t  a dose equal  t o  2x1017 p a r t i c l e s / c m 2 .  
A t  t h e  5-g i n d e n t o r  l oad ,  t h e  s u r f a c e  hardness fo r  t h e  imp lan ted  ZnS shows a 
d r a m a t i c  70 pe rcen t  i n c r e a s e  o v e r  t h e  u n i m p l a n t e d  ZnS. 
T r a n s m i t t a n c e  
The t r a n s m i t t a n c e  o f  t h e  DLC f i l m s  on f u s e d  s i l i c a  i n  t h e  v i s i b l e  r e g i o n  
was o b t a i n e d  by u s i n g  t h e  Bowman t e c h n i q u e  ( r e f .  10 ) .  The DLC f i l m s  o b t a i n e d  
from t h e  s i n g l e  ion-beam d e p o s i t i o n  method w i t h  CH4 have a s p e c t r a l  t r a n s m i t -  
tance s i m i l a r  t o  those genera ted  by  t h e  dua l  beam source,  b u t  t h e  s i n g l e  beam 
f i l m s  have lower t r a n s m i t t a n c e  va lues  when t h e y  a r e  g r e a t e r  t han  0.12 pm 
t h i c k .  T h i s  i s  e v i d e n t  i n  f i g u r e  5, where t h e  s p e c t r a l  t r a n s m i t t a n c e  i s  shown 
for  DLC f i l m s ,  0.15 pm t h i c k ,  genera ted  by  b o t h  methods. The 0 .15-pm- th ick  
dua l  beam f i l m  has g r e a t e r  t r a n s m i t t a n c e  a t  a l l  wavelengths when compared w i t h  
t h e  s i n g l e  beam f i l m  o f  t h e  same t h i c k n e s s .  The inc reased  a b s o r p t i o n  most 
l i k e l y  a r i s e s  from t h e  presence of systems o f  c o n j u g a t e d  doub le  bonds w i t h i n  
t h e  f i l m ,  a l t h o u g h  t h e  presence o f  oxygen c o u l d  a l s o  p l a y  a ro le  ( r e f .  1 1 ) .  
Bo th  t h e  g r a p h i t i c  p r e c u r s o r s  and t h e  oxygen would be expec ted  t o  be reduced 
by  t h e  i nc reased  s p u t t e r i n g  from t h e  second source .  A 0.05-pm- th ick  DLC 
f i l m  t h a t  was s i n g l e  ion-beam d e p o s i t e d  f r o m  CH4 d i s p l a y s  s p e c t r a l  t r a n s m i t -  
t ance  va lues  g r e a t e r  t han  90 p e r c e n t  a t  wavelengths g r e a t e r  t han  0.8 pm. 
F i g u r e  5 a l s o  shows s p e c t r a l  d a t a  for a 0.17-pm-th ick DLC f i l m  t h a t  was i o n  
beam s p u t t e r  d e p o s i t e d  from a g r a p h i t e  t a r g e t .  
o n l y  between 0 .4  and 0.8 pm for  t h i s  f i l m ,  and i t  i s  v e r y  low compared w i t h  
t h e  DLC f i l m s  t h a t  were d i r e c t  d e p o s i t e d .  The low t r a n s m i t t a n c e  o f  t h e  spu t -  
t e r e d  f i l m  may be due t o  i t s  low hydrogen c o n t e n t .  
The t r a n s m i t t a n c e  was measured 
The DLC f i l m s  d e p o s i t e d  on S i  s u b s t r a t e s  a c t e d  as a n t i r e f l e c t i v e  c o a t i n g s ,  
enhanc ing  t h e  i n f r a r e d  t r a n s m i t t a n c e  t h a t  was g r e a t e s t  a t  s h o r t e r  wave lengths  
and t h a t  decreased w l t h  i n c r e a s i n g  wave length .  T h i s  a n t i r e f l e c t i v e  p r o p e r t y  
was observed f o r  a l l  o f  t h e  DLC f i l m s  d e p o s i t e d  on S i ,  and t h e r e f o r e  was inde-  
pendent  o f  d e p o s i t i o n  method. 
A spec t rophotometer  was used t o  measure t h e  I R  t r a n s m i t t a n c e  o f  t h e  DLC 
f i l m s  d e p o s i t e d  on t h e  ZnS and ZnSe, s u b s t r a t e s .  The s p e c t r a l  t r a n s m i t t a n c e  o f  
t h e  window m a t e r i a l  d i d  not change I n  t h e  wave length  r e g i o n  o f  2 . 5  t o  25  pm 
f o r  t h e  ZnS and ZnSe substrates coated  w i t h  0 - 1 - p m - t h i c k  DLC f i l m s .  The use 
of an i n t e r m e d i a t e  Ge f i l m  or ion I m p l a n t a t i o n  a l s o  d i d  n o t  change t h e  I R  
t r a n s m l t t a n c e  of ZnS and ZnSe. F I g u r e  6 shows t h e  specu la r  I R  t r a n s m i t t a n c e  
of ZnS b e f o r e  and a f t e r  Implantat ion w i t h  100-keV He i o n s  a t  a dose o f  5 ~ 1 0 ~ 6  
p a r t i c l e s / c d .  The two t r a c e s  f a l l  on t o p  o f  each o t h e r ,  i n d i c a t i n g  t h a t  
t h e r e  i s  no v a r i a t i o n  i n  t h e  I R  s p e c u l a r  t r a n s m i t t a n c e  o f  ZnS a f t e r  exposure t o  
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100-keV He i o n s .  The i n t e r m e d i a t e  c o a t i n g  o f  Ge, which a l l o w s  good DLC f i l m  
adherence t o  ZnS and ZnSe, shows o n l y  smal l  r e d u c t i o n s  i n  I R  s p e c u l a r  t r a n s m i t -  
t a n c e  e s p e c i a l l y  a t  l a r g e r  wave lengths .  T h i s  i s  shown i n  f i g u r e  7,  where t h e  I R  
s p e c u l a r  t r a n s m i t t a n c e  o f  a ZnSe s u b s t r a t e  coated  w i t h  an i n t e r m e d i a t e  l a y e r  o f  
0 .03  pm Ge and a 0.1-pm DLC f i l m  from t h e  s i n g l e  beam w i t h  CH4 i s  p r e s e n t e d  
a l o n g  w i t h  t h e  t r a n s m i t t a n c e  of an uncoated ZnSe s u b s t r a t e .  A l t h o u g h  t h e  I R  
s p e c u l a r  t r a n s m i t t a n c e  i s  reduced a t  s h o r t e r  wave lengths ,  o n l y  a 1 p e r c e n t  loss 
o c c u r s  a t  10 pm. T h i s  r e d u c t i o n  c o u l d  be e l i m i n a t e d  b y  p i c k i n g  t h e  p r o p e r  
DLC and Ge t h i c k n e s s e s  t o  a l l o w  t h e  c o m b i n a t i o n  t o  become an a n t i r e f l e c t i v e  
c o a t i  ng . 
E r o s i o n  Tes ts  
To d e t e r m i n e  t h e  p r o t e c t i o n  t h e  DLC f i l m s  a f f o r d e d  t h e  ZnS and ZnSe, t h e  
s u r f a c e s  were exposed t o  b o t h  27-pm-diameter A1203 p a r t i c l e s  i n  a micro- 
s a n d b l a s t e r  and water  d r o p l e t s  a t  180 m/sec f o r  exposure t imes up to  15 min .  
P a r t i c l e  e r o s i o n .  - The e r o s i o n  p r o t e c t i o n  t h a t  t h e  v a r i o u s  DLC f i l m s  
a f f o r d e d  f u s e d  s i l i c a  was f i r s t  e v a l u a t e d  t o  de termine t h e  b e s t  method o f  c o a t -  
i n g  t h e  o p t i c a l  windows. For t h i s  t e s t ,  2- by 2-cm S i02  samples were o n e - h a l f  
coa ted  w i t h  t h e  DLC f i l m s  and t h e n  p l a c e d  i n  t h e  s a n d b l a s t e r  ( r e f s .  5 and 1 2 ) .  
O n l y  h a l f  o f  t h e  f u s e d  s i l i c a  and h a l f  o f  t h e  DLC f i l m  were t h e n  exposed t o  t h e  
S i 0 2  p a r t i c l e s  f o r  v a r i o u s  p e r i o d s  of t i m e .  The s p e c u l a r  t r a n s m i t t a n c e  d a t a  
were n o r m a l i z e d  to e l i m i n a t e  t h e  u n c e r t a i n t y  i n  t h e  v a r i o u s  parameters  o f  t h e  
p a r t i c l e  e r o s i o n  t e s t ,  and a r e  p r e s e n t e d  i n  a manner t h a t  e l i m i n a t e s  t h e  expo- 
s u r e  t i m e  and h i g h l i g h t s  t h e  p r o t e c t i o n  a f f o r d e d  by  t h e  DLC f i l m s .  F i g u r e  8 
i s  t h e  n o r m a l i z e d  s p e c u l a r  t r a n s m i t t a n c e  a f t e r  t h e  e r o s i o n  o f  uncoated  f u s e d  
s i l i c a  and o f  f u s e d  s i l i c a  coated  w i t h  DLC f i l m s ,  0.1 and 0.2 pm t h i c k ,  made 
b y  t h e  s i n g l e  i o n  beam w i t h  CH4. The u n p r o t e c t e d  f u s e d  s i l i c a  has a s l o p e  
o f  one.  I t  i s  c l e a r  t h a t  t h e  DLC f i l m s  e x t e n d  t h e  e r o s i o n  l i f e t i m e  o f  t h e  
f u s e d  s i l i c a  and t h a t  t h e  0.2-pm DLC f i l m  extends t h e  l i f e t i m e  more t h a n  t h e  
0.1-pm DLC f i l m .  
0.1-pm f i l m s  a r e  p r e s e n t e d  i n  f i g u r e  9 .  The DLC f i l m s  genera ted  by  i o n  beam 
s p u t t e r  d e p o s i t i o n  and by e i t h e r  s i n g l e  or  dua l  ion-beam d e p o s i t i o n  w i t h  CH4 pro-  
t e c t e d  t h e  f u s e d  s i l i c a ,  and t h e  p r o t e c t i o n  appears t o  be independent  o f  t h e  
d e p o s i t i o n  method. The i o n  beam s p u t t e r - d e p o s i t e d  DLC f i l m s  w i t h  t h e  a d d i t i o n  
o f  hydrogen a r e  a l s o  p r e s e n t e d .  These f i l m s  eroded a t  a f a s t e r  r a t e  t h a n  t h e  
u n p r o t e c t e d  f u s e d  s i l i c a ,  t h u s  making them l e s s  e r o s i o n  r e s i s t a n t  t h a n  t h e  
o t h e r  DLC f i l m s .  
The p r o t e c t i o n  o f  t h e  d i f f e r e n t  i o n  beam d e p o s i t e d  DLC 
The ZnS and ZnSe s u b s t r a t e s  were o n e - h a l f  coa ted  w i t h  t h e  DLC f i l m s  t h a t  
w e r e  d e t e r m i n e d  t o  g i v e  t h e  b e s t  e r o s i o n  p r o t e c t i o n  t o  fused s i l i c a  and were 
exposed t o  t h e  A1203 p a r t i c l e s  i n  t h e  m i c r o s a n d b l a s t e r  ( r e f .  6 ) .  
10 and 1 1  i n d i c a t e  t h e  change i n  s p e c u l a r  t r a n s m i t t a n c e  a t  10 pm due t o  t o t a l  
e r o s i o n  t i m e  f o r  v a r i o u s  s u r f a c e s  o f  ZnS and ZnSe, r e s p e c t i v e l y ,  c o a t e d  w i t h  
t h e  DLC f i l m s .  I n  b o t h  f i g u r e s  t h e r e  i s  an enve lope t h a t  p o r t r a y s  t h e  e r o s i o n  
r a t e  o f  t h e  uncoated  s u r f a c e s .  T h i s  enve lope i s  necessary  because each ZnS and 
ZnSe s u b s t r a t e  had a s l i g h t l y  d i f f e r e n t  i n i t i a l  t r a n s m i t t a n c e  because t h e  sub- 
s t r a t e  t h i c k n e s s  was n o t  t h e  same, a l t h o u g h  t h e  e r o s i o n  fol lows t h e  same c u r v e .  
The DLC f i l m s  were 0.1 pm t h i c k ,  and were e i t h e r  s p u t t e r  d e p o s i t e d  from a 
g r a p h i t e  t a r g e t  or d i r e c t  d e p o s i t e d  from t h e  s i n g l e  ion-beam source w i th  CH4. 
An i n t e r m e d i a t e  l a y e r  o f  0.03-pm Ge was used i n  a l l  cases.  Some o f  t h e  ZnS 
and ZnSe s u r f a c e s  were a l s o  f i r s t  He i o n  i m p l a n t e d  a t  100 keV a t  doses o f  
0 . 5 ~ 1 0 1 7  and 2x1017 p a r t i c l e s / c m 2 ,  and t h e n  c o a t e d  w i t h  t h e  DLC f i l m  from t h e  
F i g u r e s  
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s i n g l e  beam w i t h  CH4. 
i o n  i m p l a n t a t i o n  p l u s  t h e  DLC f i l m  a f f o r d e d  t h e  ZnS and ZnSe s u r f a c e s  any 
e x t e n s i o n  i n  p a r t i c l e  e r o s i o n  l i f e t i m e  a f t e r  exposure t o  t h e  A1203 p a r t i c l e s .  
R a i n  e r o s i o n .  - Only ZnS s u r f a c e s  were e v a l u a t e d  for r a i n  e r o s i o n  p e r f o r m -  
ance i n  t h e  f a c i l i t y  a t  W r i g h t  P a t t e r s o n  A i r  Force Base. The ZnS s u r f a c e s  were 
first p o l i s h e d  t o  a 20/10 f i n i s h ,  b u t  many smal l  p i t s  remained i n  t h e  s u r f a c e  
wh ich  c o u l d  n o t  be removed b y  p o l i s h i n g .  T h i s  was u n d e s i r a b l e  s i n c e  these p i t s  
c o u l d  be a source o f  c r a c k  p r o p a g a t i o n  d u r i n g  t h e  r a i n  e r o s i o n  t e s t i n g .  Z i n c  
s u l f i d e ,  DLC coated  ZnS, and ZnS t h a t  was f i rs t  i m p l a n t e d  w i t h  100-keV He ions 
a t  a dose t o  2x1017 p a r t i c l e s / c m 2  and t h e n  coated  w i t h  t h e  DLC f i l m  were sub- 
j e c t e d  t o  r a i n  e r o s i o n .  
i t  was c l e a r  from o p t i c a l l y  v i e w i n g  t h e  ZnS s u r f a c e s  exposed t o  t h e  water  drop-  
l e t s  a t  400 mph t h a t  t h e r e  was a per formance improvement i n  t h e  ZnS s u r f a c e  
t h a t  was i o n  i m p l a n t e d ,  c o a t e d  w i t h  a 0.04-pm i n t e r m e d i a t e  l a y e r  of Ge, and 
t h e n  c o a t e d  w i t h  a O.l-pm DLC f i l m  from t h e  s i n g l e  beam w i t h  CH4. I n  compar- 
i s o n  w i t h  ZnS or even ZnS windows c o a t e d  w i t h  a 0.1-pm-th ick DLC f i l m ,  t h e  i o n  
i m p l a n t a t i o n  p l u s  t h e  DLC c o a t i n g  decreased t h e  number of new p i t s  and d e l a y e d  
t h e  s t a r t  o f  subsur face r i n g  f r a c t u r e s .  T h i s  c o u l d  be expec ted  s i n c e  t h e  i o n  
i m p l a n t a t i o n  improved t h e  p h y s i c a l  hardness ( f i g .  4) a t  t h e  s u r f a c e  t o  a depth  
o f  -1.0 pm o f  t h e  ZnS ( r e f .  9). 
t r a n s m i t t a n c e  between 2 . 5  and 25 pm for  t h e  i o n - i m p l a n t e d  and DLC-coated ZnS 
s u r f a c e  a f t e r  i t  was exposed to  r a i n  e r o s i o n .  
As b o t h  f i g u r e s  i n d i c a t e ,  n e i t h e r  t h e  DLC f i l m s  n o r  t h e  
A l t h o u g h  no  q u a n t i t a t i v e  d a t a  w i l l  be p r e s e n t e d  h e r e i n ,  
There a l s o  w e r e  no changes i n  t h e  s p e c u l a r  
S i n c e  i o n  i m p l a n t a t i o n  o f  t h e  ZnS window r e s u l t e d  in improved per fo rmance,  
a ZnS s u r f a c e  was i m p l a n t e d  w i t h  He+ a t  1 MeV t o  f u r t h e r  i n c r e a s e  t h e  d e p t h  
o f  s u r f a c e  p h y s i c a l  hardness.  However, d u r i n g  t h e  r a i n  e r o s i o n  t e s t  o f  t h i s  
ZnS s u r f a c e  ( w h i c h  was a l s o  c o a t e d  w i t h  0.1-pm DLC and 0.04-pm G e l ,  t h e  i o n -  
i m p l a n t e d  s u r f a c e  l a y e r  d e l a m i n a t e d  from t h e  ZnS s u b s t r a t e .  
CONCLUSIONS 
Three d i f f e r e n t  i o n  beam methods were used t o  d e p o s i t  d i a m o n d l i k e  carbon 
(DLC) f i l m s  on v a r i o u s  s u b s t r a t e s .  
i t e d  DLC f i l m s  was n e a r l y  one, w h i l e  t h e  i o n  beam s p u t t e r - d e p o s i t e d  f i l m s  had 
a r e l a t i v e l y  low H I C  ra t io  even w i t h  t h e  a d d i t i o n  o f  hydrogen gas. The com- 
p r e s s i v e  s t r e s s  e x h i b i t e d  b y  t h e  DLC f i l m s  d i d  n o t  depend on t h e  hydrogen con- 
t e n t ,  b u t  on o t h e r  parameters  such as t h e  d e p o s i t i o n  t e c h n i q u e  and c o n d i t i o n s ,  
and hydrocarbon gas. E l e v a t e d  s t r e s s  l e v e l s  o f  DLC f i l m s  t h a t  were i o n  beam 
d e p o s i t e d  w i t h  C4H10 or ion beam s p u t t e r  d e p o s i t e d  from a g r a p h i t e  t a r g e t  
i n d i c a t e d  t h a t  t h i c k  f i l m s  w i t h  good adherence on ZnS and ZnSe c o u l d  n o t  be 
genera ted .  
The hydrogen c o n t e n t  o f  t h e  i o n  beam depos- 
however 
c o a t i n g  
i t e d  an 
Even though t h e  DLC f i l m s  on f u s e d  s i l i c a  e x h i b i t e d  adherence as good as 
t h e  maximum measurable adherence of  t h e  t e s t e r ,  these f i l m s  w e r e  n o t  as adher-  
e n t  on  t h e  ZnS and ZnSe s u b s t r a t e s ,  There fore ,  f o u r  techn iques  w e r e  used p r i o r  
to  t h e  d e p o s i t i o n  o f  the DLC f i l m s  t o  improve t h e  adherence.  I o n  beam c l e a n i n g  
and i o n  i m D l a n t a t i o n  d i d  not i n c r e a s e  f i l m  adherence.  I o n  i m o l a n t a t i o n  d i d ,  
e 
e x h i  b- 
a t e  
and 
, improve t h e  p h y s i c a l  hardness o f  t h e  s u b s t r a t e s .  An i n t e r m e d i a  
o f  Ge s u c c e s s f u l l y  a l l o w e d  t h e  DLC f i l m s  t o  remain  adherent ,  and 
adherence equal  to  t h e  s t r e h g t h  o f  t h e  s u b s t r a t e .  Th is  i n t e r m e d  
Ge f i l m  caused a s m a l l  r e d u c t i o n  i n  t h e  I R  s p e c u l a r  t r a n s m i t t a n c e  o f  ZnS 
ZnSe a t  s h o r t e r  wavelengths,  b u t  o n l y  a 1 p e r c e n t  loss o c c u r r e d  a t  10 pm 
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S i n c e  t h e  DLC f i l m s  d e p o s i t e d  on  S i  a c t e d  as an a n t i r e f l e c t i v e  c o a t i n g ,  t h e r e b y  
enhancing t h e  I R  t r a n s m i t t a n c e ,  t h i s  r e d u c t i o n  c o u l d  be e l i m i n a t e d  b y  p i c k i n g  
t h e  p r o p e r  c o m b i n a t i o n  of DLC and Ge t h i c k n e s s e s  t o  produce an a n t i r e f l e c t i v e  
c o a t i n g .  
A l though i o n  i m p l a n t a t i o n  p l u s  a DLC f i l m  d i d  n o t  p r o t e c t  t h e  ZnS and ZnSe 
windows exposed t o  t h e  s i m u l a t e d  p a r t i c l e  e r o s i o n ,  i t  d i d  improve t h e  per fo rm-  
ance o f  ZnS exposed t o  r a i n  e r o s i o n .  The ZnS windows t h a t  were He i o n  i m p l a n t e d  
and coated  w i t h  DLC and an i n t e r m e d i a t e  Ge l a y e r  had fewer  new s u r f a c e  p i t s  and 
a d e l a y e d  s t a r t  o f  s u b s u r f a c e  r i n g  c r a c k s .  Harden ing  t h e  window s u r f a c e  i t s e l f  
by  i o n  i m p l a n t a t i o n ,  i n  a d d i t i o n  t o  c o a t i n g  i t  w i t h  a t h i c k  s t r e s s - f r e e  
d i a m o n d l i k e  carbon f i l m ,  m i g h t  i n c r e a s e  t h e  l i f e t i m e  o f  i n f r a r e d  t r a n s m i t t i n g  
windows and p r o t e c t  them from b o t h  r a i n  and l e s s  severe p a r t i c l e  e r o s i o n .  
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TABLE I .  - PROPERTIES OF DIAMONDLIKE CARBON F I L M S  
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